Abstract. The three ratio method in dissolved gas analysis is a widely used method for transformer fault diagnosis, but the "000" and "011" code does not give its corresponding fault types. Since the missing data research is a small sample problem, it cannot be solved by traditional statistical and probabilistic laws. Therefore, grey relational analysis is introduced into grey system theory to study it. Research shows that the fault corresponding to the "000" code may be one of partial discharge or high temperature overheating, and the fault corresponding to the "011" code may be one of partial discharge, high energy discharge, low temperature overheating and high temperature overheating. By using grey relational analysis, the fault types of two missing codes can be further distinguished.
Introduction
Transformer is one of the most important equipment in power system. It is very important to improve the fault diagnosis technology and maintain the safe operation of power system. Dissolved gas analysis (DGA) is an effective method to judge the running state of transformer and detect the fault of transformer. [1] At present, a lot of DGA based transformer insulation diagnosis methods have been proposed, including characteristic gas method, Rogers method, JECRI method, modified three ratio method, etc. In addition, there are some DGA based intelligent algorithms used for fault diagnosis of transformers, such as neural networks, genetic algorithms and support vector machines. [2] [3] [4] In the old guideline (GB/T7252-1987), there are only 9 groups of three ratio codes, which can only describe a small amount of faults. [5, 6] With the improvement of operation experience and fault database, the revised version of guideline (GB/T7252-2001) was issued in 2001, and some fault codes were added to the original system to improve the fault diagnosis effect. But the guideline are still incomplete, it does not contain 000 and 011 codes and their corresponding fault types, which is existed in practical applications. Also it will result in failure to determine the type of faults. [7] Because it is difficult to collect enough sample data for analysis, the code missing problem should be analyzed by the small sample method. Therefore, in this paper, a large number of DGA data which collected from literatures and practical applications will be used to study the code missing fault through grey relational analysis.
Grey Relational Analysis
Due to the lack of relevant data，the method of small sample problem should be used to analyze it. The grey relational analysis of grey system theory is a way to study the problem of less data, poor information and uncertainty. [8] [9] [10] It compares the similarity of geometric shapes between different curves to determine the tightness of the correlation. The greater the similarity between curves, the greater the degree of correlation of different sequences, whereas the smaller the similarity, the smaller the degree of correlation.
Assume that the system behavioral sequence [10] is
, ⋯, x m (n)) And the theoretical formula for grey relational analysis [10] is
In the equation (2) and (3), ξ is the resolution ratio, γ = ሺX , X ୧ ሻ is the grey relational degree of X and X ୧ .
Grey Relational Resolution Coefficient
In the process of calculation of grey relational degree, the coefficient value of resolution will directly influence the result, also it will impact the system analysis, modeling, control and decision, which affects the accuracy of evaluation results. [11] In actual calculation, it is possible to see min i min k |x ሺkሻ − x ୧ ሺkሻ|. According to the grey relational grade formula, when |x ሺkሻ − x ୧ ሺkሻ| = max i max k |x ሺkሻ − x ୧ ሺkሻ|, the γ ୧ ሺkሻ will reach its minimum.
As ξ decreases, the γ ୧୫୧୬ ሺkሻ will also decrease. Because the maximum value of grey relational coefficient is γ ୧୫୧୬ ሺkሻ = 1, so when γ ୧୫୧୬ ሺkሻ becomes smaller, the range of γ ୧ ሺkሻ will become larger. And
the equation of grey correlation coefficient can be rewritten as
In the expression (6), because of the existence of Δ ୫ୟ୶ , the value of γ ୧ ሺkሻ will not only directly depend on the reference sequence X and comparison sequence X ୧ , but also indirectly depend on all other comparative sequences X ୨ ሺj = 1,2, ⋯ , m, j ≠ iሻ. Therefore, the ξ can reflect the integrity of system association space. From the position of ξ in the expression, it is the coefficient or weight of Δ ୫ୟ୶ , and its value, objectively reflects the indirect influence degree of each factor in the system on the degree of correlation. The greater the ξ, the more importance of Δ ୫ୟ୶ and the greater influence of each factors; the smaller the ξ, the less importance of Δ ୫ୟ୶ and the smaller influence of each factors. [12] To sum up, in order to make the resolution coefficient be more objective and flexible, ξ will be calculated as 0.5.
Grey Relational Sequence and Dominance Analysis
For the selected grey relational operator, the value of grey relational degree is unique, and the conditional uniqueness does not affect the analysis of problem. In the system analysis, the grey relational degree between system behavior and related factors is mainly used to describe the relational degree of order, not completely described with its size.
Assumed that X is the diagnosing fault sequence, and X ୧ , X ୨ are standard fault mode sequence. γ is the grey relational degree. If γ ୧ ≥ γ ୨ , which means X ୧ is the dominant sequence. It is called X ୧ ≻ X ୨ , and ≻ is the grey relational order derived from grey relational degree.
In a system with m standard failure modes and pending diagnostic modes, there may not be an optimal fault mode (factor), but there must be a quasi-optimal fault mode (factor).
Method of Transformer Fault Diagnosis Using Grey Relational Analysis State Mode Vector Selection of Transformer
On the basis of gas release rate of transformer oil when heated, selecting five gases, hydrogen(H 2 ), methane(CH 4 ), ethane(C 2 H 6 ), ethylene(C 2 H 4 ) and acetylene(C 2 H 2 ) as the characteristic parameters for transformer fault diagnosis, and the state vector model is X = ൫xሺ1ሻ, xሺ2ሻ, xሺ3ሻ, xሺ4ሻ, xሺ5ሻ൯ (7) In expression (7), x(k),k=1,2,3,4,5 is corresponded to the volume content of H 2 , CH 4 , C 2 H 6 , C 2 H 4 and C 2 H 2 respectively.
Standard Fault Mode of Transformer
On the basis of GB/T7252-2001, transformer fault is divided into two different types which are thermal fault and electrical fault. Thermal failures include low temperature overheating (LO, 150~300℃), medium temperature overheating (MO, 300~700℃) and high temperature overheating (HO, higher than 700℃). Electrical faults include partial discharge (PD), low energy discharge (LD) and high energy discharge (HD). [8] Before using the characteristic gas to analyze the transformer fault, it is necessary to preprocess the data. According to the relationship between transformer fault type and dissolved gas, the following methods are usually used to process the characteristic parameters:
is the content of hydrogen hydrocarbon and ∑ x ୨ ሺlሻ ହ ୧ୀଶ
is the content of total hydrocarbon.
After classifying and screening a large number of transformer fault data, the standard spectrum of transformer fault diagnosis is obtained. 
Conclusion
In the actual fault of transformer, the data that cannot be represented by three ratio code is sometimes appeared, which makes it very difficult to judge the fault of the transformer accurately. The grey relational method can effectively solve the problem of missing codes. The experimental result shows that the "000" fault may be one of partial discharge or high temperature overheating. And the "011" fault may be one of partial discharge, high temperature overheating, low temperature overheating and high energy discharge. It is closest to the partial discharge fault.
